In this paper the performance of an Organic Rankine Cycle (ORC) module, which was designed and built for a specific power application, is experimentally characterized. The ORC tested satisfies the main specifications for an efficient power system, highlighting a volumetric expander with large built-in volume ratio. For tests development, a monitored test bench has been used and adapted to the planned test procedure, which consisted of varying the thermal power input for different condensing conditions. Thereby, 10 steady state points are achieved and analysed according to thermal power input, gross and net electrical powers, electrical cycle efficiencies and expander effectiveness. The results show that the ORC performances are improved for higher thermal oil temperatures, capturing more thermal power, producing more electricity and achieving better cycle efficiencies. The maximum gross electrical efficiency obtained is 12.32 %, for a heat source temperature about 155 ºC and a direct dissipation to the ambient. Moreover, the expander reaches an electrical isentropic effectiveness about 65 % for an optimum pressure ratio around 7, being a suitable system for power applications from low grade heat sources.
Introduction
The Organic Rankine Cycle (ORC) has been proven as an efficient way for power generation from low grade heat sources [1] . It is a similar power cycle to the steam Rankine cycle, but uses more volatile fluids instead of water to improve the efficiency in low temperature applications [2] . Its operating principle consists of capturing the thermal energy from the heat source through the evaporation of the working fluid and reducing the enthalpy in an expander to produce mechanical work, which is turned into electricity by an electric generator. This is a closed system, which condenses the vapor from the expander outlet and pressurizes the liquid to restart the cycle again. So, it is considered a simple cycle that requires little maintenance, compared to other power cycles like Kalina [3] , Goswami, transcritical cycle or trilateral-flash cycle [4] ; in addition to its mature and proven technology against direct conversion techniques (thermoelectric, thermionic or piezoelectric) [5] .
There are several low temperature applications in which the ORC can be used, like: solar thermal [6] , geothermal [7] , oceanic [5] , biomass [8] , combined heat and power [9] , waste heat from power plants [10] , waste heat from industrial processes [11] or others [12] .
This wide range of possibilities has motivated researchers' efforts in order to provide suitable ORC solutions. So, various experimental studies have been carried out in the literature, as the work of Wang et al. [13] that tested a low temperature solar ORC using R245fa as working fluid and a rolling-piston as expander. The results showed an average shaft power output of 1.64 kW and an overall power generation efficiency that ranged between 3.2-4.2%, depending on the solar collector used. Zhou et al. [14] tested an ORC using the working fluid R123 and a scroll expander, showing a maximum expander power output of 0.645 kW and a cycle efficiency of 8.5%. Manolakos et al. [15] used the working fluid R134a and a scroll expander, obtained from a compressor in reverse operation, to demonstrate the technical feasibility of a low-temperature solar ORC for reverse osmosis desalination. So, the results showed net mechanical efficiencies of 0.73% and 1.17% for a cloudy and sunny day, respectively. Peterson et al. [16] used an ORC with the regenerative cycle configuration, the working fluid R123 and a scroll expander, achieving a gross cycle mechanical efficiency of 7.2% and an expander mechanical isentropic effectiveness that ranged between 45-50%. Qiu et al. [17] experimented with a biomass-pellet boiler and an ORC for micro-CHP applications. The main working fluid used was HFE7000 and a vane type of expander. So, 0.861 kWe were generated with a gross electrical efficiency of 1.41% and a CHP efficiency of 78.69%. Declaye et al. [18] characterized an oil-free scroll expander using R245fa as working fluid, showing a maximum shaft power and mechanical efficiency of 2.1 kW and 8.5%, respectively. Bracco et al. [19] reported that in the literature the usual expander effectiveness ranges between 60-65% with peaks of 68-70%, which is in compliance with their results. The researchers tested a small-size ORC prototype using the working fluid R245fa and a scroll expander, adapted from a commercial HVAC, achieving a net cycle electrical efficiency around 8%. Kane et al. [20] proposed to use two superposed ORCs, each one with an optimized working fluid and expander to overcome the limited pressure range and built-in volume ratio (Vi) of a scroll expander modified from a standard compressor. The working fluids selected were R123 for the topping ORC and R134a for the bottoming ORC. Thereby, the results showed that the superposed cycle achieved a net electrical efficiency upper 12% during tests.
As can be seen, the main expansion technology investigated for ORCs, intended for applications in low grade heat sources, is the volumetric or positive displacement machine. The reason is that volumetric expanders result more appropriate than turbo-machines, as they are characterized by lower flow rates, higher pressure ratios, much lower rotational speeds, besides to exhibit good effectiveness and tolerate liquid phase during expansion [21] . In this way, recent works continues improving volumetric expanders, such as rotary volumetric expanders based on the Wankel concept [22] , scroll [23] or screw expanders [24] . Furthermore, an appropriate operating pressure ratio for the expander, a suitable working fluid and an efficient cycle configuration are also recommendations to increase the electrical gain [25] .
Taking this into account, this work conducts an experimental characterization of an ORC module that satisfies the specifications for an efficient power system. Thus, it employs a volumetric expander with a large Vi, the working fluid R245fa and a regenerative cycle configuration.
For this purpose, the rest of the paper is organized as follows. Section 2 describes the test bench used. Section 3 exposes the methodology employed, pointing the measuring devices used, equations for the thermodynamic analysis and test procedure. Section 4 presents and discusses the results of the system characterization. And finally, Section 5 summarizes the main conclusions of the work.
Test bench description
In order to conduct the system performance characterization, a monitored test bench has been used and adapted to the planned operating conditions. So, the main parts of this facility are addressed.
Heat source
A low grade heat source has been simulated using a natural gas boiler and a thermal oil heat transfer loop, as it can be appreciated in Fig.1 .a along with the ORC module and the dissipation system. The test bench allows to supply the thermal power demanded by the ORC, besides to control the test conditions. For this, it is composed of two loops. The first one is the loop of the boiler, which is automatically adjusted to the thermal power demand. The second one allows to vary the volumetric flow rate that enters in the ORC, through a pump frequency inverter, and to control the thermal oil inlet temperature in the ORC, using a three way valve and a PID controller.
The basic scheme of the facility is illustrated in Fig.1 .b, whose main components are: 1-natural gas boiler, 2-ORC, 3-centrifugal pumps, 4-three way valve, 5-expansion tank, 6-main safety valve. 
Heat sink
As usual in the case of ORC modules for power generation, the dissipation system is directly conducted through an air condenser, as also can be appreciated in Fig.1 .a. This system allows to reduce exergetic losses compared to a dry cooler with cooling water, besides simplifying the scheme, since there is not required another pump nor its associated safety and control devices.
The air condenser used is located above the ORC module due to space specifications in its target application [26] .
The main air condenser features are listed in Table 1 . As shown below, the dissipation capacity was designed for a great thermal power. This was accomplished with the purpose to maximize the final electricity produced, since a high heat exchange surface allows to reduce the fans velocity and, consequently, the electrical power consumption. Table 1 . Air condenser features.
ORC module
The ORC used in this work is a commercial module from Rank® [27] . This ORC uses a regenerative cycle configuration that allows not only recovering the thermal energy from the heat source, but also the waste heat from the expander outlet, improving the cycle electrical efficiency. Regarding to design issues, the module can generate up to 20 kWe determined by the electric generator rated power. The ORC module is designed to recover about 160 kWt of thermal power input at typical operating conditions. Moreover, the expander is designed to allow the operation along large pressure ratios, since it was developed with a built-in volume ratio of 8.0.
These and other features of the ORC module are listed in Table 2 . 
Methodology
In this section the main measuring devices used for the system motoring, equations for the experimental data analysis and test procedure conducted are addressed.
System monitoring
Focusing on the ORC monitoring, the main parameters measured are represented in Fig.2 . In the first place, the thermal power input is monitored in the hot side through inlet and outlet thermal oil temperatures, using surface thermocouples, and the thermal oil volumetric flow rate, that is measured using a vortex flow meter. From the thermal power input, the working fluid mass flow rate can be obtained through temperature and pressure conditions at the Heat Recovery Vapor Generator (HRVG) ports. So, two surface thermocouples and a single pressure transmitter are employed, neglecting the HRVG pressure drop. The pressure and temperature devices from the HRVG outlet are placed as near as possible to the expander inlet port, as well as another pressure transmitter at the expander outlet port for monitoring its performance. Furthermore, its electrical power output is measured using a wattmeter at the electric generator, while the pump electrical consumption is measured in the electric motor through another wattmeter. On the other hand, the cold side influence is simply considered with an ambient temperature device with the purpose to obtain objective and comparable net powers. (1) [28] , are collected in Table 3 . 
Thermodynamic analysis equations
For the analysis of the experimental data obtained during tests various equations have been used. Firstly, the thermal power input is calculated through Eq. (2) and the thermal oil properties at the operating conditions. From this, the working fluid mass flow rate can be obtained by Eq. (3) . The working fluid properties have been evaluated using software REFPROP [29] .
,,
The gross electrical power from the electric generator is directly measured, as well as the electrical pump consumption and, therefore, it can be calculated the net power output generated using Eq. (4). The cycle efficiency is obtained using the gross electrical efficiency by Eq. (5) and net electrical efficiency by Eq. (6) . The performance ratio of the expander can be defined as the electrical isentropic effectiveness by Eq. (7), often also named expander overall efficiency. This equation expresses the relationship between the electrical power measured in the electric generator and the maximum that could be ideally obtained. 
Other parameters calculated and used for the analysis are the pressure ratio in the expander, defined by Eq. (8), and Carnot efficiency, as Eq. (9) 
Test procedure
The ORC module was tested varying the thermal oil inlet temperature, obtaining thermal power inputs from partial loads up to near design rated values. For this, the control of the thermal oil volumetric flow rate was imposed with a fixed frequency set point in the pump inverter. On the other hand, the ambient temperature cannot be controlled, however different operating conditions have been achieved during tests.
As a result, 10 steady state points were achieved. These steady state points were obtained with a stationary stability in a fluctuation range lower than 1% on each variable for at least 10 minutes.
In Table 4 it can be seen the operating range obtained during tests for each variable. 
Results and discussions
From the experimental data obtained during tests an analysis has been conducted, whose results are exposed and discussed in this section.
In a first step, the thermal power characterization is addressed. Fig. 3 .a shows that higher thermal oil temperatures allow higher thermal power captures by the ORC. This is due to the control conducted by ORC. So, when the thermal oil temperature raises, also the working fluid temperature increases, as Fig. 3.b shows. The control of the ORC takes into account this change and maintains a superheating degree within a permissible operating range. So, for higher temperatures the pressure of the cycle increases, as can be seen in Fig. 3 .c, which corresponds to a higher working fluid mass flow rate, as Fig. 3.d shows. Fig.3 . Thermal power characterization: (a) thermal oil inlet temperature, (b) expander inlet temperature, (c) expander inlet pressure, (d) working fluid mass flow rate.
When the system captures more thermal power, in this case due to a rise of the thermal oil temperature, the electrical generation also increases, as Fig. 4 .a shows. This is also related to the pressure ratio, as Fig. 4.b represents. Similarly, Fig. 4 .c and Fig.4.d show that the net electrical power also increases with the thermal power input and larger pressure ratios. Regarding to efficiencies, Fig.5 .a represents the gross electrical efficiency of the cycle. It is observed that the efficiency tendency grows with the pressure ratio up to a maximum of 12.32%, a value that could have been even greater for higher thermal oil temperatures. If the net electrical efficiency is compared to the ideally Carnot efficiency in Fig. 5 .b, it can be observed that the cycle efficiency tendency appears to be attenuated for the highest values. This effect can be justified observing Fig. 5 .c referred to the expander. So, the electrical isentropic effectiveness of the expander is maximized above 65 % for a pressure ratio around 7, imposed by the expander Vi, that is a suitable operating range for a power application from low grade heat sources. This figure also shows the energy losses produced when the expander operates in under-expansion and, still more, in over-expansion. Other energy losses that contribute to draw this curve are heat losses during expansion, frictions, supply pressure drop, internal leakages [30] , or the alternator electrical efficiency operating at partial loads [31] . Furthermore, if the gross electrical efficiency of the cycle is compared with the expander electrical isentropic effectiveness, as Fig. 5.d shows, it can be noted that operating with a moderate under-expansion the cycle efficiency can be improved, similar as the results of Declaye et al. [18] . Although an excessive under-expansion could deteriorate the cycle efficiency, as reported Bracco et al. [19] . 
Conclusions
This work has characterized the performance of an ORC module in a test bench, varying the thermal power input up to near design rated values and dissipating directly to the ambient. So, 10 steady state points have been achieved and analysed.
Thereby, the results show that, for a given ORC module, a higher thermal oil inlet temperature allows higher thermal power captures by the ORC. This implies a higher temperature, pressure and working fluid mass flow rate in the system. Therefore, the gross and net electrical powers increase. Moreover, it has been demonstrated the direct influence of the expander on the cycle performances. So, the maximum electrical efficiency appears when the optimum pressure ratio of the expander, imposed by the Vi, is overcome, operating with a moderate under expansion.
Regarding to experimental data summary, the thermal power input ranged from 95.14 kWt to 146.41 kWt. The maximum gross and net electrical powers achieved are 18.03 kWe and 15.93 kWe, respectively. The maximum cycle efficiencies reached are a gross electrical efficiency of 12.32 % and a net electrical efficiency of 10.88 %. Moreover, the expander achieved a maximum electrical isentropic effectiveness of 65.33 % for an optimum pressure ratio around 7, imposed by the expander Vi, which is a suitable value for power applications from low grade heat sources. 
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